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ABSTRACT
We ask how the inclusion of various physical heating processes due to the metal content of gas af-
fect the evolution of central massive galaxies and compute a suite of cosmological hydrodynamical
simulations that follow these systems and their supermassive black holes. We use a smoothed parti-
cle hydrodynamics code with a pressure-entropy formulation and a more accurate treatment of the
metal production, turbulent diffusion and cooling rate based on individual element abundances. The
feedback models include (1) AGN feedback via high velocity broad absorption line winds and Comp-
ton/photoionization heating, (2) explicit stellar feedback from multiple processes including powerful
winds from supernova events, stellar winds from young massive stars and AGB stars as well as radia-
tive heating within Stro¨mgren spheres around massive stars, and (3) additional heating effects due to
the presence of metals including grain photoelectric heating, metallicity dependent X-ray heating by
nearby accreting black holes and from the cosmic X-ray background, which are the major improve-
ments in our feedback model. With a suite of zoom-in simulations of 30 halos with Mvir ∼ 10
12.0−13.4,
we show that energy and momentum budgeted from all feedback effects generate realistic galaxy prop-
erties. We explore the detailed role of each feedback model with three additional sets of simulations
with varying input physics. We show that the metal induced heating mechanisms reduce the fraction
of accreted stellar material by mainly suppressing the growth of diffuse small stellar systems at high
redshift but overall have a relatively minor effect on the final stellar and gas properties of massive
central galaxies. The inclusion of AGN feedback significantly improves the ability of our cosmological
hydrodynamical simulations to yield realistic gas and stellar properties of massive galaxies with a
reasonable fraction of the final stellar mass which is accreted from other galaxies.
1. INTRODUCTION
The physical treatment of galaxy formation and
evolution has steadily improved over recent years as
the cosmological setting within which this process oc-
curs becomes more definite and confirmed by multi-
ple observations. Thus, the gravitational accumula-
tion of mass on galactic scales from well-defined cos-
mological perturbations is well understood. Recent
progress has focused on the “feedback”, how the stars
(e.g. Springel & Hernquist 2003; Oppenheimer & Dave´
2006; Hopkins et al. 2014; Agertz & Kravtsov 2015) and
black holes (e.g. Springel et al. 2005a; Sijacki et al. 2007;
Booth & Schaye 2009; Dubois et al. 2012) formed from
the infalling gas can initiate processes which in turn al-
ter that infall, drive outflows and change the rate of star
formation from what would be guessed at from the sim-
ple picture of cosmological infall (see Somerville & Dave´
2015, for a literature review). The two main drivers
are supernovae (SN) and active galactic nuclei (AGN),
but even normal star-formation of massive and lower
mass stars can have significant effects (Agertz et al. 2013;
Renaud et al. 2013; Stinson et al. 2013; Hopkins et al.
2014).
The first generation of physics treatments for mas-
sive galaxies allowing for the incorporation of feed-
back concentrated on the mass, energy and momen-
tum input by massive stars (e.g. Oppenheimer & Dave´
2006; Dalla Vecchia & Schaye 2008) and black holes
(e.g. Debuhr et al. 2010; Ostriker et al. 2010; Choi et al.
2012) found that the effects were dramatic. The ra-
tio of baryons incorporated to those available was re-
duced by a factor of over ten, while the size of moder-
ate mass galaxies and the duration of galaxy formation
for these systems increased dramatically as kinetic feed-
back expelled gas. Some of this material returns at later
times with increased angular momentum (Naab et al.
2014; Genel et al. 2015). For those galaxies and for more
massive ones the production of a circumgalactic medium
due to outflow was found to have dramatic physical
and observational consequences (e.g. Ford et al. 2013;
Faucher-Gigue`re et al. 2015; Oppenheimer et al. 2016).
Recently the feedback effects of the chemical evolution
have been included, in addition to the mechanical effects.
While most “metals” (everything heavier than H & He)
and particularly α-process elements such as O and Mg
are produced by young, massive stars, some elements,
such as Fe are known to be produced primarily (but
not exclusively) by older, lower mass exploding as type
I SN and some elements, e.g. N, are significantly con-
tributed by normal evolution of solar type stars. The line
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emission from these elements greatly increases cooling
rates as compared to a (H,He) plasma, and recent papers
such as Finlator & Dave´ (2008); Oppenheimer & Dave´
(2008); Wiersma et al. (2009a,b) or Aumer et al. (2013)
highlighted the dramatic consequences for the evolution
of normal galaxies with the emphasis on moderate mass
spiral systems. The net effect of the extra cooling pro-
cesses is to again increase star formation rates somewhat,
mitigating the mechanical effects of feedback. However,
allowing only for the cooling effects of heavy elements is
too one-sided and thus, not fully realistic.
There are also substantial heating effects due to the
presence of metals (Draine 2010), and this paper at-
tempts to spell out the most important ones. As we shall
see, this reverses some of the cooling effects of metals re-
cently included as we proceed, by successive approxima-
tions, towards a physically based and hopefully accurate
treatment of galaxy formation. With successive itera-
tions the situation becomes more complex, so, for exam-
ple the metal component of interstellar gas is heated by
X-rays both from the black holes within the galaxy and
from the extra-galactic background, and photons from
massive stars can heat gas via the photoelectric effect
on metals distributed in the interstellar medium. All of
these processes tend to increase the heating rate, caus-
ing a reduction of star formation, i.e. causing “negative
feedback”.
In this paper, we describe the implementation of the
metal induced heating mechanisms as well as our more
standard treatments of star-formation and other physi-
cal processes. We present in some detail the black hole-
driven AGN feedback as it is different from that imple-
mented in most codes in that it allows for broad absorp-
tion line winds, X-ray and UV output of both energy
and momentum, rather than explicitly postulating “ra-
dio” feedback (e.g. Vogelsberger et al. 2013) or turning
off cooling (e.g. Tremmel et al. 2016). In addition, our
SN feedback allows for three stages of SN remnant prop-
agation (ejecta dominated, Sedov-Taylor, and snowplow)
with a relatively realistic treatment (see Nu´n˜ez et al.
2017, for details), without kinematically decoupling the
outflow particles nor disabling cooling for some fixed time
interval as in many of SN feedback implementation in the
literature.
The purpose of this paper is to study the respective role
of various feedback models implemented in our simula-
tion on the physical properties of central massive galax-
ies. In section 3, we present the 30 zoom-in simulations of
halos with Mvir ∼ 10
12−13.4 with four different feedback
models outlined in Section 2, pointing out the changes
induced by including the various physical processes. Fi-
nally, section 4 summarizes our conclusions.
2. THE SIMULATIONS
The galaxy formation model and input physics adopted
in the simulations have been improved from the previous
papers. In this section we describe the new ingredients
of the current model and we refer to the previous papers
for the unchanged part. A comparison of present and
past treatment is summarized in Table 1.
2.1. Hydrodynamics code
We use a modified version of the parallel smoothed par-
ticle hydrodynamics (SPH) code GADGET-3 (Springel
2005). In order to avoid the numerical artifacts
of the classical SPH code (e.g. Agertz et al. 2007)
we use SPHGal (Hu et al. 2014), a modified version
of GADGET-3 that includes a density-independent
pressure-entropy SPH formulation (Ritchie & Thomas
2001; Saitoh & Makino 2013; Hopkins 2013). To fur-
ther improve over standard SPH, we adopt the Wendland
C4 kernel with 200 neighboring particles (Dehnen & Aly
2012), the improved artificial viscosity implementation
(Cullen & Dehnen 2010), and the artificial thermal con-
ductivity following Read & Hayfield (2012). Lastly, we
employ a time-step limiter to ensure that neighboring
particles have similar time-step, such that ambient parti-
cles do not remain inactive when a shock travels through
(Saitoh & Makino 2009; Durier & Dalla Vecchia 2012).
We refer the readers to Hu et al. (2014) for the perfor-
mance of the new SPH schemes in the test problems.
2.2. Star formation and chemical enrichment
We adopted the star formation and chemical evolu-
tion model described in Aumer et al. (2013), which al-
lows chemical enrichment by winds driven by Type I
Supernovae (SNe), Type II SNe and asymptotic giant
branch (AGB) stars with the chemical yields adopted
from Iwamoto et al. (1999); Woosley & Weaver (1995);
Karakas (2010) respectively. We explicitly trace the mass
in 11 different species, H, He, C, N, O, Ne, Mg, Si, S,
Ca and Fe both for star and gas particles. Then the
net cooling rate is calculated based on individual ele-
ment abundances, temperature and density of gas (see
Aumer et al. (2013) for details). We adopted the cool-
ing rate from Wiersma et al. (2009a) for optically thin
gas in ionization equilibrium. We also include a redshift
dependent UV/X-ray and cosmic microwave background
with a modified Haardt & Madau (2001) spectrum.
We include a model for turbulent diffusion of gas-
phase metals. Following Aumer et al. (2013), we allow
the metal enriched gas particles to mix their metals with
neighboring gas particles using the standard SPH neigh-
bor searches.
We stochastically form stars if the gas density ex-
ceeds a density threshold which we defined as nth ≡
n0 (Tgas/T0)
3 (M0/Mgas)
2 where critical threshold den-
sity and temperature are n0 = 2.0 cm
−3 and T0 =
12000 K respectively and M0 is the gas particle mass
in fiducial resolution. We require that the gas den-
sity should be higher than the value for the Jeans
gravitational instability of a mass Mgas at temperature
Tgas. The star formation rate is calculated as dρ∗/dt =
ηρgas/tdyn where ρ∗, ρgas and tdyn are the stellar and
gas densities, and local dynamical time for gas particle
respectively. The star formation efficiency η is set as
η = 0.025. In our model, star formation is feedback-
regulated and star-forming regions grow in mass until
sufficient new stars have formed to stop further collapse.
2.3. Early stellar feedback and supernovae feedback
We use the early stellar and SN feedback model
adopted in Nu´n˜ez et al. (2017) (see section 2 in their pa-
per for further details). We include the winds from young
stars, UV heating from young stars Stro¨mgren spheres,
three-phase Supernova remnant input from both type I
and type II SN feedback, and outflow and metals from
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Table 1
Synoptic Table of Galaxy Model Development
Oser et al. (2010, 2012) Choi et al. (2015) This Work
Input Physics ThSNnoMetal Fiducial NoAGN NoZHeating
Improved SPHa No Yes Yes Yes Yes
Stellar feedback Thermalc Thermalc Mechanicald Mechanicald Mechanicald
AGN feedback No Mechanicale Mechanicale No Mechanicale
Metal production & cooling No No Yes Yes Yes
Metal heatingb No No Yes Yes No
Note. — A comparison of present and past treatment.
a Our improved SPH scheme includes density-independent pressure-entropy SPH formulation, improved artificial viscosity and thermal
conductivity, and a time-step limiter for shock ambient particles (Hu et al. 2014).
b Metal induced heating prescription includes the photoelectric heating and enhanced Compton heating by X-ray background. See
Section 2.6 for details.
c Thermal supernova feedback model from Springel & Hernquist (2003).
d Our mechanical stellar feedback model includes various processes such as “snowplow” SN winds, stellar winds from young massive stars
and AGB stars (Nu´n˜ez et al. 2017). See Section 2.3 for details.
e Our mechanical AGN feedback model includes high velocity (10, 000 km s−1) broad absorption line winds as well as photoionization and
Compton heating and associated radiation pressure from AGN (Choi et al. 2015). See Section 2.5 for details.
dying low-mass AGB stars. Each of the processes is
included as explicit physical processes communicating
mass, metals, momentum and energy from stellar par-
ticles to surrounding gaseous particles.
In the early stellar feedback model, we include the ef-
fect of stellar winds as well as heating by the ionizing
radiation from young massive stars before they explode
as SNe. We distribute the momentum of winds from
massive stars to the closest gas particles with the same
amount of ejected mass and momentum as those of type
II SN explosions evenly spread in time before the moment
of SN explosion tSN = 3 Myr. We also add the effects
of ionizing radiation from massive stars. The cold gas
with T < 104 K within a Stro¨mgren (1939) radius from
each star particle is gradually heated to T = 104 K and
is not allowed to cool below this temperature until it is
no longer in an HII region, within the Stro¨mgren radius
(see also Hopkins et al. 2012).
In the SN feedback model, a single SN event is assumed
to eject mass in an outflow with a velocity vout,SN =
4, 500 km s−1, a typical velocity of outflowing materials in
SN. We distribute SN energy and momentum to the sur-
rounding ISM from the SN event. We assume the SN out-
flows to be one of three characteristic SN remnant phases
which determines how much of SN energy is transferred
to gas particle as kinetic and thermal energy. Depend-
ing on the distance from the SN events, each neighbor-
ing gas particle is affected by one of the three successive
phases: (i) momentum-conserving free expansion phase,
(ii) energy-conserving Sedov-Taylor phase where SN en-
ergy is transferred with 30% as kinetic and 70% as ther-
mal, and (iii) the snowplow phase where radiative cool-
ing becomes significant. In this model, the SN remnant
initiates standard Sedov-Taylor blast-waves carrying en-
ergy as 30% kinetic and 70% thermal, and both amounts
dissipate with distance from the SN, as described by the
pressure-driven snowplow phase of SN remnants. See Ap-
pendix A in Nu´n˜ez et al. (2017) for a detailed description
of the implementation of SN feedback model. This model
has provision for treating the interstellar medium (ISM)
as multi-phase with most of the volume hot but most of
the mass in warm or cool phases. The volume fraction in
the hot phase is estimated by the volume weighted av-
erage temperature following the detailed high resolution
simulations of Li et al. (2015).
Lastly, we include the feedback from the stars of low
and intermediate initial mass via slow winds during an
AGB phase. We transfer energy and momentum from
old star particles to the neighboring gas particles in
momentum-conserving way. The outflowing wind veloc-
ity of AGB stars is assumed to be vout,AGB = 10 km s
−1,
corresponding to typical outflowing velocities of AGB
stars (e.g. Nyman et al. 1992).
The metal-enriched gas from dying stars is returned
continuously to the ISM via winds from young stars, SNe
and AGB stars. Over 30% of total mass in stars is ul-
timately ejected via winds in our initial mass function
assumption (Kroupa 2001), and able to induce the late
star formation and quasi-stellar object (QSO) activity
by feeding the central super massive black holes (see also
Ciotti et al. 2010).
2.4. Black hole formation and growth
In the simulations, the black holes are treated as col-
lisionless sink particles and are seeded in newly forming
dark matter halos. The dark matter halos are identified
on the fly during a simulation by a friends-of-friends al-
gorithm. The new black holes are seeded with mass of
105 h−1M⊙ such that any halo above 1 × 10
11 h−1M⊙
contains one black hole at its center if it does not al-
ready have any black hole. The dark matter halo thresh-
old mass and black hole seed mass are set to roughly
follow the Magorrian et al. (1998) relation and the the-
oretical calculations of Stone et al. (2016). The chosen
seed mass makes a negligible contribution to the final
black hole mass.
The black hole mass can grow via two channels:
mergers with other black holes and accretion of gas.
We allow the mergers between two black hole parti-
cles only when they fall within their local SPH smooth-
ing lengths and their relative velocities are smaller
than the local sound speed. As we cannot directly
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resolve the accretion disk of the black holes on sub-
pc scales in the cosmological galaxy group-scale sim-
ulation, we estimate the rate of the gas infall onto
the black hole with a Bondi-Hoyle-Lyttleton parameter-
ization (Hoyle & Lyttleton 1939; Bondi & Hoyle 1944;
Bondi 1952). Following Springel et al. (2005b), the gas
accretion rate onto the central region around black hole
is estimated as:
M˙inf =
4πG2M2BHρ
(c2s + v
2)3/2
, (1)
where ρ, cs, and v denote the density, the sound speed
and the velocity of the gas relative to the black hole re-
spectively. Several works adopting Bondi accretion in
cosmological simulations often boost the accretion rate
by a factor of α ∼ 100, (Booth & Schaye 2009, for a liter-
ature review), here we do not employ additional “boost”
factor α with regard to the accretion rate.
We also include the soft Bondi criterion introduced in
Choi et al. (2012) to avoid the unphysical accretion of
unbound gas from outside the Bondi radius of the black
hole. This criterion statistically limits the accretion to
the gas within the Bondi radius. It also accounts for
the size of the gas particle as the physical properties of
each gas particle are smoothed within the kernel size in
the smoothed particle hydrodynamics simulations. The
full accretion is only allowed when the total volume of
a gas particle is included within the Bondi radius. If a
gas particle volume is partially included within the Bondi
radius, its probability of being absorbed by the black hole
is reduced. Finally, we include the free-fall timescale in
the accretion rate in order to account for the time that it
takes a particle to be accreted to black hole (Choi et al.
2012).
2.5. Feedback from black holes
We use mechanical and radiative AGN feedback mod-
els described in Choi et al. (2012, 2014). Our AGN feed-
back model consists of two main components: (1) me-
chanical feedback as in the broad absorption line winds,
which carry energy, mass and momentum into the sur-
rounding gas. We also include (2) radiative feedback via
the Compton and photoionization heating from the X-
ray radiation from the accreting black hole, the radiation
pressure associated with the heating, as well as the Ed-
dington force. The emergent AGN spectrum and metal
line heating are taken from Sazonov et al. (2004). In
this section we summarize the main aspects of the AGN
feedback model, for more details we refer the reader to
Choi et al. (2012).
2.5.1. Mechanical AGN feedback
In the presence of significant AGN winds, only a small
fraction of the gas mass inflowing to the central region
ultimately accretes to the black hole. AGN winds carry
a mass with the outflowing rate given as,
M˙outf = M˙inf − M˙acc, (2)
where M˙outf , M˙inf and M˙acc respectively denote the out-
flowing/inflowing mass rate and the mass accretion rate
to the black hole. We assume a constant velocity for
AGN wind voutf,AGN = 10, 000 km s
−1, corresponding
to a typical broad absorption line wind velocity (e.g.
Crenshaw et al. 2003). The momentum flux carried by
the wind is p˙ = M˙outfvoutf,AGN, and the kinetic energy
rate carried by outflow will be given as,
E˙w≡ ǫwM˙accc
2, (3a)
=
1
2
M˙outfv
2
outf,AGN, (3b)
where ǫw denotes the feedback efficiency and we assume
ǫw = 0.005. The dimensionless quantity ψ is defined as
the ratio of the outflow rate to the accreted rate and
given as,
ψ ≡ 2ǫwc
2/v2outf,AGN = M˙outf/M˙acc. (4)
Thus the black hole accretion rate depends on the mass
inflow rate and the dimensionless parameter ψ which is
determined by mass and energy conservation as,
M˙acc = M˙inf
1
1 + ψ
. (5)
We have ψ ∼ 9 with our choice of the feedback effi-
ciency ǫw = 0.005, and the wind velocity voutf,AGN =
10, 000 km s−1, thus bulk of mass entering the cen-
tral region M˙inf is expelled; 10% (facc = M˙acc/M˙inf =
1/(1 + ψ)) of the inflowing mass is accreted onto the
black hole and 90% (foutf = M˙outf/M˙inf = ψ/(1 + ψ)) is
expelled in an outflowing wind.
Among all gas particles entering the central region, the
wind particles are stochastically selected with foutf =
ψ/(1 + ψ). We deposit the wind mass and momentum
by giving kicks to the selected wind particles. The di-
rection of the wind is set to be parallel or anti-parallel
to the direction of angular momentum of each gas parti-
cle, so that it results in a wind perpendicular to the disk
plane (Proga & Kallman 2004), when the black holes are
surrounded by a rotating gas disk. The ejected wind par-
ticle shares its momentum and energy with two nearby
gas particles and reproduce the shock heated momentum-
driven flows. The residual energy increases the temper-
ature of the impacted gas particles, therefore the total
energy and momentum are conserved. This prescription
gives a ratio of kinetic to thermal energy in the outflow-
ing particles, similar to that in the standard Sedov-Taylor
blast wave.
2.5.2. Radiative AGN feedback
We also include the heating via X-ray radiation from
the accreting black hole. Strong X-ray radiation can be
coupled to the surrounding gas according to an approx-
imation described in Sazonov et al. (2005). The net lu-
minosity flux from all black holes in the simulated zoom-
in area is calculated at the position of each gas parti-
cle and the flux is converted to the net volume heating
rate E˙ by adopting the formulae that include Compton
and photoionization heating from Sazonov et al. (2005).
Finally, the radiation pressure from the X-ray flux ab-
sorbed is included. Every fluid element absorbing energy
∆E from quasar radiation is given an extra momentum
∆p = ∆E/c directed away from the black hole.
In many galaxy simulations with black holes, the gas
accretion rate onto the black hole is limited to the Ed-
dington rate. In our simulations, we do not limit the
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accretion rate onto the black holes, instead, we include
the Eddington force acting on electrons in the neighbor-
ing gas through the hydrodynamic equations, directed
radially away from black holes. In this way we allow
that Super-Eddington gas accretion occasionally occurs
so that the corresponding feedback effect naturally re-
duces the inflow and increases the outflow.
2.5.3. Main aspects of the AGN feedback model
The two AGN feedback mechanisms we have included
originate from different parts of quasar’s SED, i.e., me-
chanical feedback from UV radiation, and radiative feed-
back from X-ray radiation. Many previous high resolu-
tion hydrodynamical simulations (e.g. Proga et al. 2000)
showed that the flux from strong UV radiation in the
AGN spectra dominates for the momentum driven winds.
The region where the winds are generated is very close to
the accreting black holes, thus it is impossible to resolve
this scale in cosmological simulations. Therefore we re-
sort to the sub-grid modeling of “mechanical feedback”
via the broad absorption line winds that have been accel-
erated by metal line trapping (Proga & Kallman 2004).
Meanwhile, the heating and associated pressure from
AGN radiation are dominated by the moderately hard
X-ray region (∼ 50 keV) which is nearly independent of
obscuration (Sazonov et al. 2004). We therefore include
this feedback effect following a standard atomic physics
treatment.
In Choi et al. (2015), we found that AGN feedback has
a very strong effect on the star formation and X-ray prop-
erties of galaxies and what matters most is the kind of
feedback one includes. The mechanical AGN feedback
via broad absorption line winds has more dramatic effects
than the traditional thermal feedback treatment in many
papers (e.g. Di Matteo et al. 2005; Springel et al. 2005b;
Johansson et al. 2009a; Steinborn et al. 2015). The two
treatments - thermal vs. mechanical - put in the same
total energy for a given accretion rate and given effi-
ciency, but putting some fraction of the energy into me-
chanical rather than thermal increases the effectiveness
in driving gas out of the galaxy as discussed in many
recent papers (e.g. Gaspari et al. 2012; Simpson et al.
2015; Barai et al. 2016; Weinberger et al. 2017).
Choi et al. (2014) showed that the mechanical and ra-
diative AGN feedback can drive strong nuclear outflows
as observed in many luminous quasars (e.g. Greene et al.
2011; Zakamska et al. 2016) which can further progress
on galaxy-wide scale removing significant fraction of gas
from the host galaxies. Moreover, the relic AGN-driven
winds from the height of recent activity found in the sim-
ulated galaxies provide a promising explanation for the
moderate velocity outflows (500−1000 km s−1) observed
in post-starburst galaxies at intermediate redshift (e.g.
Tremonti et al. 2007) and in quiescent nearby galaxies
(e.g. Cheung et al. 2016). The outflowing wind proper-
ties of our galaxy samples will be further discussed in a
forthcoming paper (R. Brennan et al. 2016, in prepara-
tion).
2.6. Metallicity dependent heating effect
2.6.1. Photoelectric heating
A dust grain can absorb an energetic far UV photon,
excite it to higher energy and reemit as a “photoelec-
tron” (Spitzer 1948). This photoelectric emission from
dust grains dominates the heating of the diffuse ISM, and
thus can have a significant effect on dynamical evolution
of the ISM as well as on the subsequent star formation
(Draine 1978; Weingartner & Draine 2001). The precise
modeling of photoelectric heating may require the esti-
mation of the radial distance dependency from OB stars
(e.g. Wolfire et al. 2003; Tasker 2011), self-shielding and
shielding of radiation field (Walch et al. 2015; Hu et al.
2016), as well as detailed model of dust physical prop-
erties such as grain sizes, compositions and charge state
(Bakes & Tielens 1994). However, it would be beyond
the scope of this paper to fully account for all these fac-
tors which may affect the photoelectric heating rate. We
therefore take the following simple prescription of the
photoelectric heating rate which is only dependent on
the global star formation rate and the metallicity of gas
which is related to the abundance of the smallest dust
particles, which may primarily consist of polycyclic aro-
matic hydrocarbons.
From the numerical coefficient of photoelectric heat-
ing rate for the Galaxy from Draine (2010), we added
temperature cutoff, Tcut = 10
4 K so that only cool or
cold gas is heated. Then, since the heating rate is pro-
portional to the OB stars, i.e. the star formation rate,
we added a factor for (SFR/SFRMW ). Then the factor
(SFR/SFRMW ) is estimated by
(SFR/SFRMW ) =
Z
Z⊙
H(t)
H0
(6)
as the average value of this factor is just proportional to
the metals produced locally and inversely proportional
to the time over which they were produced. The photo-
electric heating rate is thus estimated by
Γ = 1.4×10−26e−T/10
4 Z
Z⊙
H(t)
H0
erg/s per hydrogen atom.
(7)
By construction it matches the local photoelectric heat-
ing rate given by Draine (2010) for the solar neighbor-
hood.
2.6.2. Cosmic X-ray background heating
Energetic X-ray radiation from accreting black holes
with a long mean-free path can make a significant con-
tribution to the heating of the early universe, as it can
easily escape the galaxies and impact the intergalactic
medium at long range. We self-consistently include the
heating effect from X-ray radiation of individual black
holes within our simulation volume. However, as we use
zoom-in calculation with the limited volume, it is neces-
sary to account for the effect of X-ray background, which
may be able to pre-ionize large volumes of the intergalac-
tic medium unreachable by UV sources. Thus, we in-
clude the effects of the low temperature gas heating by
the cosmic X-ray background from accreting black holes
in background galaxies as following.
First, we compute the cosmic X-ray background flux
based on the information of the cosmic black hole mass
accretion rates derived from the bolometric AGN lumi-
nosity functions. The comoving number density of lu-
minous quasars reaches a maximum at zmax ∼ 2 (e.g.
Schmidt et al. 1995). We take the global black hole
growth rates dρBHdt derived from the bolometric AGN lu-
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minosity functions of Shankar et al. (2009) as:
dρBH(z)
dt
=
1− ǫ
ǫc2
∫ ∞
0
ΦL(L)LdlogL, (8)
for example, dρBHdt (z = 0) = 3 × 10
−6 M⊙yr
−1Mpc−3.
Then, we take the cosmic evolution of black hole mass
growth rates from Madau & Dickinson (2014) and calcu-
late the emissivity of AGN in a unit comoving volume of
the universe at redshift z as,
ε(z) = ǫ
dρBH(z)
dt
c2, (9)
where the radiative efficiency ǫ = 0.1. For example,
ε(z = 0) = 1.7 × 1040 erg s−1Mpc−3. The bolometric
flux from the cumulative background AGN light at red-
shift z is then
Fbk(z) = (1+z)
2 c
4πH0
∫ ∞
z
ε(z′)dz′
(1 + z′)[ΩM (1 + z′)3 +ΩΛ]1/2
.
(10)
The first (1+z)2 term represents how physical area scales
with redshift. We perform the integration of equation 10
numerically and calculate the meta-galactic background
flux level as a function of redshift. Then the net flux at
the position of each gas particle is calculated as a sum of
the global flux from the background AGN at given red-
shift and the flux from all black holes in the simulated
zoom-in area based on their accretion rate. All gas par-
ticles in the simulation are heated accordingly following
heating rate described in Sazonov et al. (2005).
2.6.3. Metallicity dependent X-ray heating
For cold gas exposed to the X-rays from an AGN the
gas absorbs a certain number of X-ray photons which is
proportional to the flux (see Sazonov et al. 2004, for de-
tails). Most of this absorption is due to iron and similar
heavy elements and the ejected electrons cause further
ionizations and deposit much of the energy as heat. Thus
the heating rate per H atom will be proportional to the
X-ray flux as well as the metallicity. Thus in order to
allow for metal line absorption, we include an additional
metallicity dependent factor (1 + 10Z/Z⊙) in the X-ray
heating rate by AGN radiation over and above Compton
heating from Sazonov et al. (2005) as,
S1 = 4.1× 10
−35(1.9× 107 − T ) ξ(1 + 10Z/Z⊙), (11)
where ξ denotes the ionization parameter. Then the vol-
ume heating rate E˙ by X-ray heating in cgs units is esti-
mated as E˙ = n2S1 where n is the proton number den-
sity. For example, the radiative total X-ray heating for
gas at solar metallicity is larger by a factor of ∼ 11 than
that of metal free gas.
2.7. Cosmological ‘zoom-in’ initial conditions
The cosmological ‘zoom-in’ initial conditions used in
this study are described in detail in Oser et al. (2010).
To achieve sufficiently high enough resolution to robustly
model the evolution of galaxies, a sub-volume is ex-
tracted from a larger volume dark matter only simula-
tion using a flat cosmology with parameters obtained
from WMAP3 (Spergel et al. 2007, h = 0.72, Ωb =
0.044, Ωdm = 0.216, ΩΛ = 0.74, σ8 = 0.77, and
ns = 0.95). At any given snapshot we trace back all
particles close to the halos of interest from redshift zero.
We replace those particles with higher resolution gas and
dark matter particles. Then new, high resolution initial
conditions are re-simulated from redshift z = 43 to z = 0.
The simulations have been performed at two resolu-
tions. (1) The reference resolution has the mass res-
olution for the star and gas particles are m∗,gas =
4.2 × 106 h−1M⊙, and the dark matter particles have
mdm = 2.5 × 10
7 h−1M⊙. We use the comoving gravi-
tational softening lengths ǫgas,star = 400 pch
−1 for the
gas and star particles and ǫhalo = 890 pch
−1 for the
dark matter which are scaled with the square root of the
mass ratio following Dehnen (2001). (2) The high reso-
lution simulations have been performed with eight times
better mass resolution than reference resolution, with
m∗,gas = 5.3×10
5 h−1M⊙, mdm = 3.1×10
6 h−1M⊙ and
twice better spatial resolution with ǫgas,star = 200 pc h
−1
and ǫhalo = 450 pc h
−1. In the Appendix, we discuss the
resolution convergence of the galaxy physical quantities.
The simulated halo masses range from 1.4 × 1012M⊙
.Mvir . 2.3× 10
13M⊙ at z = 0 and the stellar mass of
central galaxiex are 8.2×1010M⊙ . M∗ . 1.5×10
12M⊙
at present day. These galaxies are well resolved with
≈ 2.5× 104 − 4.8× 105 stellar particles within the virial
radius (rvir ≡ r200, the radius where the spherical over-
density drops below 200 times the critical density of the
universe at a given redshift).
In order to study the effects of each of the physical
modules we included, we investigate the galaxy proper-
ties by running the all 30 zoom-in simulations in reference
resolution with four different models:
(1) Fiducial: the reference model which includes all
physical modules listed above, i.e., mechanical and ra-
diative AGN feedback, stellar feedback with snowplow
SN feedback, metal cooling and enrichment, and metal
heating effect from photoelectric heating and cosmic X-
ray background. Feedback related numerical parameters
were calibrated against the the black hole mass – stel-
lar velocity dispersion (MBH− σ∗) relation and baryonic
conversion rate at z = 0 (see Figure 1 and 2).
(2) NoAGN: without black hole and AGN feedback.
This model isolates the effect of the AGN feedback.
(3) NoZHeating: same as (1) fiducial but without
the new ingredients of metal heating effects listed in Sec-
tion 2.6 including metallicity dependent Compton heat-
ing, photoelectric heating and cosmic X-ray background
heating.
(4) ThSNnoMetal: from the previous paper
(Choi et al. 2015), this model uses thermal SN feedback
(Springel & Hernquist 2003) instead of ejective SN feed-
back described in Section 2.3. This model does not in-
clude metal enrichment, metal induced heating/cooling
and early stellar feedback. Note that we presented 20 ha-
los in Choi et al. (2015), but we have performed 10 more
zoom-in simulations for a fair comparison.
A comparative summary of the input physics for each
model is given in Table 1. Throughout the paper, we fo-
cus on the central galaxies and discuss the respective role
of various feedbacks on the formation of massive galaxies.
3. VARIATIONS OF GALAXY PROPERTIES WITH
PHYSICAL MODELS
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Figure 1. Fraction of baryons converted to stars at z = 0 rela-
tive to the universal baryon fraction as a function of halo mass for
central galaxies in different models: fiducial model (red circles),
model without AGN feedback effect (NoAGN, black triangles),
model without metal heating effect (NoZHeating, green stars), and
model with thermal SN feedback and without metal enrichment
(ThSNnoMetal, blue squares). The prediction of the fraction of
stars inferred from observations via the abundance matching esti-
mates are shown in black and blue solid lines from Moster et al.
(2013) and Kravtsov et al. (2014) respectively, with 1σ scatter re-
gion shown by dotted lines. Compared to the fiducial model, the
NoAGN model predicts significantly higher conversion efficiencies
especially at high halo masses while the effect of metal induced
heating mechanisms on the final stellar mass seems negligible.
In the following we will present simulated physical
properties of the main four models and compare them
to observations of various relations: stellar mass–halo
mass relation, the relation between black hole mass and
velocity dispersion, galaxies sizes, and stellar mass.
3.1. The relation between stellar mass and halo mass
Figure 1 compares the simulated galaxies to the
abundance matching results of Moster et al. (2013);
Kravtsov et al. (2014). The mass of star particles within
10% of the virial radius r10 is defined as the stellar mass
of simulated central galaxies. Note that we use the total
baryonic and dark matter mass within the rvir for Mvir
while the abundance matching models use the dark mat-
ter only simulations. As the baryonic physics can alter
the dark matter distribution and reduce the halo masses,
Mvir can be overestimated by 10 % in the abundance
matching models especially for the small halo mass range
Mvir < 10
10M⊙ (e.g. Sawala et al. 2013; Martizzi et al.
2014). For our galaxy mass range, massive galaxies with
Mvir > 10
12M⊙, the stellar masses measured in the
abundance matching model become increasingly sensi-
tive to the aperture used to measure the stellar mass.
Recently, Kravtsov et al. (2014) demonstrated that im-
proved photometric techniques used to measure stellar
mass lead to a significant effect on the stellar mass-
to-halo mass relation predicted by abundance matching
models. Their prediction is shown by the blue solid
line. We see that the baryonic conversion efficiency in
our models is very close to that inferred from abundance
matching when AGN feedback is included. Models with-
Figure 2. The black hole mass – stellar velocity dispersion
(MBH − σ∗) relation at z = 0 of fiducial model (red circles),
model without metal heating effect (NoZHeating, green stars),
and model with thermal SN feedback and without metal enrich-
ment (ThSNnoMetal, blue squares). The observed M-σ∗ relations
of the elliptical galaxies are shown in dotted lines: blue dotted
line is from Kormendy & Ho (2013) and black dotted line from
McConnell & Ma (2013).
out AGN feedback over-predict the baryon abundances
by a factor of 2− 3 at z = 0.
3.2. The relation between black hole mass and stellar
velocity dispersion
Figure 2 shows the relation between the mass of cen-
tral supermassive black holes and the velocity dispersion
of galaxies and its comparison with observational data
from Kormendy & Ho (2013) and black dotted line from
McConnell & Ma (2013). We first determine the half-
mass radii of stars within 10% of the virial radius r10 pro-
jected along the 20 randomly chosen directions. And the
mean value is taken as a representative effective radius re
of each galaxy. Then, the line-of-sight velocity dispersion
σ∗ is calculated by considering all the stars within the
half of the effective radius (0.5 re) along the three prin-
cipal axes. Our new simulations show higher black hole
masses as well as higher velocity dispersions compared to
our previous work shown by the blue squares (Choi et al.
2015). This is because we have more gas available both
for star formation and black hole accretion via enhanced
gas metal-line cooling and recycled gas ejected from the
death of stars in the old stellar population.
3.3. Star formation rates
In Figure 3, we address “quenching” of star formation
and show the dramatic effects that the various physical
processes have on the mean star formation rate within
10% of the virial radius r10 (top panel) and the specific
star formation rate (bottom panel) of 30 central galax-
ies in our four models as a function of redshift. The
star formation rate of all models peaks at z ∼ 3 and
drops rapidly afterwards, except for the NoAGN model.
With mechanical and radiative AGN feedback included,
the star formation is very rapidly quenched by the ef-
fective removal of gas via AGN-driven large-scale winds
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Figure 3. (Top) Averaged star formation rate over time for the
30 central galaxies for different models: fiducial model (red), model
without AGN feedback effect (NoAGN, black), model without
metal heating effect (NoZHeating, green), and model with ther-
mal SN feedback and without metal enrichment (ThSNnoMetal,
blue). The solid lines show the average value and shaded regions
illustrate the 1σ scatter. For clarity of display, the 1σ region of
the NoZHeating model is not shown. (Bottom) same as in the
top panel but for the median specific star formation rates. The
dotted black line indicates the specific star formation rates equal
to 0.3/tH, commonly used criteria separating quiescent and star
forming galaxies (e.g. Franx et al. 2008). The NoAGN feedback
model (black) stays above this criteria, constantly star forming
through out the evolution.
(see Pandya et al. (2016) for detailed discussion on the
quenching timescale of the fiducial galaxies).
Compared to NoZHeating model, metal-dependent
heating in the fiducial run has the effect of reducing the
star formation rate around the redshift of quenching at
2 < z < 4. This is because both photoelectric heat-
ing and cosmic X-ray background heating from accreting
black holes mainly affect diffuse and small stellar system
effectively suppressing their growth.
With metal induced heating, the formation of low-mass
stellar systems is efficiently delayed, but the heated gas
will later cool down and come back to the central system,
therefore the star formation rate later compensates at
z < 1.
In the bottom panel, we show the median specific star
formation rates of four models. We also show the com-
monly used criteria separating quiescent and star form-
ing galaxies (Franx et al. 2008), the specific star forma-
tion rates equal to 0.3/tH in dotted black line. The
NoAGN feedback model (black) stays above this crite-
ria constantly, star forming throughout the simulation.
By this criterion the fiducial models cross over to the red
sequence and become quiescent between redshift z = 1.5
Figure 4. Projected stellar half-mass radii of the simulated galax-
ies versus stellar masses at redshifts z=0 for four models: fidu-
cial model (red), model without AGN feedback effect (NoAGN,
black), model without metal heating effect (NoZHeating, green),
and model with thermal SN feedback and without metal enrich-
ment (ThSNnoMetal, blue). The red solid line indicates the ob-
served size-mass relation of the SLACS sample of local early-type
galaxies Nipoti et al. (2009), with the 1σ scatter given by the dot-
ted lines. The blue solid line is from Shen et al. (2003).
and z = 0.3. Again compared to our previous models
(ThSNnoMetal, Choi et al. 2015), allowing for the addi-
tional metal cooling from recycled gas increases star for-
mation rates (red curves) but leaves them at z = 0 still
more than two orders of magnitude below the NoAGN
models.
3.4. Galaxy sizes and velocity dispersions
In Figure 4, we show the projected half mass radius
re, i.e., the radius that encloses 50% of the stellar mass
in projection, as a function of the galaxy mass at z = 0.
As described above, we calculate the half-mass radii of
stars within r10 projected along the 20 randomly cho-
sen directions of the main stellar body, and the mean
value is taken as a representative effective radius re of
each galaxy. The sizes of the fiducial galaxies at high
stellar masses simulated with AGN feedback are in good
agreement with observations of early-type galaxies from
Nipoti et al. (2009), but we tend to produce typically too
small sizes for lower mass galaxies.
The sizes of galaxies in NoAGN feedback models are
even more smaller; their effective radii are ∼ 5 times
smaller compared to observed ones at given stellar mass.
The continuous star formation without AGN feedback in
the central regions of galaxies leads to a concentrated
stellar mass profile (Martizzi et al. 2012). Moreover, the
galaxies are less puffed up by minor mergers as the ab-
sence of AGN feedback decreases the fraction of accreted
material (Dubois et al. 2013, 2016). In the absence of
AGN feedback, in situ star formation dominates over ac-
creted star formation at all times (Lackner et al. 2012;
Hirschmann et al. 2013), therefore relatively fewer stars
are added to the outskirts of galaxies.
The inclusion of physical heating processes due to
the metal content of gas slightly decreases the galaxy
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Figure 5. The projected velocity dispersion measured within
0.5 re as a function of stellar masses at z=0 for central galax-
ies in different models: fiducial model (red), model without AGN
feedback effect (NoAGN, black), model without metal heating ef-
fect (NoZHeating, green), and model with thermal SN feedback
and without metal enrichment (ThSNnoMetal, blue). The obser-
vational relations for local early type galaxies respectively from
Nipoti et al. (2009) and Taranu et al. (2013) are shown by the
black and blue solid lines with the dotted lines indicating the 1σ
scatter.
sizes. The metal-dependent heating mainly affects the
smaller systems decreasing the total mass of accreted
stars. Therefore, the accreted star fraction decreases
when we include metal-dependent heating and this leads
to smaller galaxy sizes.
Similarly in the ThSNnoMetal model, even more small
stellar systems are accreted to the central galaxy due to
insufficient stellar feedback to suppress star formation in
the small building blocks, leading to a significant size
growth of galaxies at late times. In addition, the lack
of metal cooling in this model prevents gas from concen-
trating in the central region of galaxy, thus contributing
to the size increase.
From Oser et al. (2012), our galaxy evolution code
has been improved with addition of the density inde-
pendent SPH formulation, the metal enrichment, and
the subsequent metal-line cooling. All of these changes
enhance the gas cooling and star formation especially
for the central galaxies. In addition, the SN feed-
back model is changed from thermal to mechanical,
which drives more powerful winds. However, this change
also challenges the late time-star formation quench-
ing in central galaxies as the material removed from
lower mass progenitors can be accreted to more mas-
sive ones at later times (e.g. Oppenheimer & Dave´ 2008;
Hirschmann et al. 2013). The previous version of our
physical model was able to reproduce the quiescent galax-
ies via gravitational heating (e.g. Johansson et al. 2009b)
and sufficient size growth afterwards even in the absence
of AGN feedback, but this seems to be due to some miss-
ing physics. The gravitational heating helps but by itself
is insufficient to sufficiently quench extended star forma-
tion in massive galaxies. Overall, appropriately predict-
ing the final effective radius and its evolution provides
a strong test of the accuracy of the physical modeling.
A further study of the physical mechanisms determin-
ing the size evolution of galaxies will be discussed in a
forthcoming paper (Choi et al. 2016).
Figure 5 shows the Faber-Jackson relation
(Faber & Jackson 1976), the relation between the
stellar velocity dispersion σ∗ and stellar mass for
simulated galaxies at z = 0. The line-of-sight velocity
dispersions σ∗ are measured for all stars within 0.5 × re
along the three principal axes. The observed relations
with 1σ ranges are from Nipoti et al. (2009) based on
SLACS sample of local early-type galaxies at z = 0
and from Taranu et al. (2013) based on SDSS catalog
respectively. All simulations except the NoAGN feed-
back model are in good agreement with the data, but
the fiducial model tends to have overall higher velocity
dispersions. Compared to the ThSNnoMetal model, the
fiducial model shows higher velocity dispersion due to
the increased central star formation driven by enhanced
gas metal-line cooling and recycled gas ejected from the
old stellar population. The NoAGN model significantly
over-predicts the velocity dispersion of normal massive
elliptical galaxies due to the enhanced star formation in
the central region of galaxies.
3.5. X-ray luminosity and gas mass fraction
Recent X-ray observations have shown that hot gas
halos are ubiquitous from galaxy clusters, groups and
galaxies with mass down to M∗ ∼ 10
11M⊙ (e.g.
Anderson et al. 2015). We explore the impact of vari-
ous feedback models on hot gas in the simulated galaxy
halos. In Figure 6, we show the X-ray luminosity of the
hot gas versus the stellar velocity dispersion σ∗ and total
mass within 5re of the simulated central galaxies at z = 0
for four models. Following Cen et al. (1995), we calcu-
late the X-ray luminosity for the simulated galaxies in
Chandra bands (0.3-8 keV) including bremsstrahlung ra-
diation and metal-line emission from all relevant species
measured. For ThSNnoMetal model, we assume solar
abundance. For LX − σ, we show the observed relation
from Boroson et al. (2011) and data from Goulding et al.
(2016) who archived Chandra X-ray observation of lo-
cal elliptical galaxies and combined the data from MAS-
SIVE galaxy survey (Ma et al. 2014) and ATLAS3D sur-
vey. For LX − MTotal(< 5reff), we compare our sim-
ulated galaxy properties to Kim & Fabbiano (2013) and
Forbes et al. (2017) who recently reexamined the dynam-
ical masses of the galaxies with the globular cluster kine-
matics.
In the fiducial model, the mechanical energy output
of the black hole at the peak epoch of galaxy forma-
tion drives galactic outflows and expels large amounts
of hot gas from the galactic potential. This large scale
winds result in overall lower gas density and thus sig-
nificantly reduce the gas X-ray luminosity as LX ∝ n
2.
The fiducial model with mechanical AGN feedback re-
produces X-ray luminosity within the observed range as
well as the observed scatter with the two orders of mag-
nitude spread in LX . Conversely, the NoAGN model
shows much higher X-ray luminosity up to ∼ 1-2 orders
of magnitude higher compared to the observations ellip-
tical galaxies. In our simulations, X-ray luminosity of
hot halos of massive galaxies is most sensitive to AGN
feedback consistent with many previous works includ-
ing McCarthy et al. (2010); Le Brun et al. (2014, 2015,
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Figure 6. (left) LX -σ∗ relation and (right) LX -Mtotal(< 5re) relation at z=0 four models: fiducial model (red), model without AGN
feedback effect (NoAGN, black), model without metal heating effect (NoZHeating, green), and model with thermal SN feedback and without
metal enrichment (ThSNnoMetal, blue). Observed relations and data for the normal early-type galaxies are from Boroson et al. (2011) and
Goulding et al. (2016) (left) and Kim & Fabbiano (2013) and Forbes et al. (2017) (right).
Figure 7. The enclosed gas mass fraction within r500, fgas,500 −
M500 relation for four models: fiducial model (red), model with-
out AGN feedback effect (NoAGN, black), model without metal
heating effect (NoZHeating, green), and model with thermal SN
feedback and without metal enrichment (ThSNnoMetal, blue).
NoZHeating model shows lower gas fraction compared to the fidu-
cial model. The black crosses and black solid lines are the observed
data and fitted fgas,500−M500 relation of the nearby galaxy groups
with M500 = 1013−14 M⊙ from Sun et al. (2009).
2016). In particular, Le Brun et al. (2014) showed that
their AGN feedback model with the heating temperature
of ∆Theat = 10
8 K produced the observed X-ray luminos-
ity - mass relation in agreement with observations, and
also noted that X-ray luminosities of simulated galaxies
are sensitive to the choice of the heating temperature
parameter in their AGN feedback model.
In Figure 7 we show the gas mass fraction of all simu-
lated halos and compare them to observations. We mea-
sure the fraction of gas mass to the total mass within
r500, the radius where the spherical over-density drops
below 500 times the critical density of the universe at
z = 0. The observed fgas,500 − M500 relation derived
from 43 nearby galaxy groups with M500 = 10
13−14M⊙
from Sun et al. (2009) is shown in black solid line with
1σ scatter in dotted lines. We also overplot the observed
gas mass fraction of galaxy groups from the same paper
in black crosses. In the fiducial model, the AGN-driven
strong wind results in much lower gas mass fraction com-
pared to the NoAGN model especially for the low mass
galaxies because a lot of hot gas is swept up and re-
moved from the halo by AGN driven galactic outflows.
The inclusion of metal induced heating also lowers the
gas fraction, but its effect is relatively small.
3.6. Mass-Metallicity Relation
The relations between stellar metallicity and mass of
simulated galaxies are shown in Figure 8 and compared
with observations from SDSS from Panter et al. (2008)
and Gallazzi et al. (2005). The NoAGN feedback shows
systemically higher metallicity by ∼ 0.05 dex compared
to the fiducial model simulated with AGN feedback. The
higher metallicity in the NoAGN feedback model driven
by the excessive late-time star formation out of metal en-
riched gas in absence of effective star formation quench-
ing mechanism. A more detailed investigation of the im-
pact of AGN feedback of individual metal abundances
and metallicity gradients of stellar populations will be
given in Hirschmann et al. in preparation.
3.7. The Two Phases of Galaxy Formation
Recent observations have established that early-type
galaxies form and become red and dead early but con-
tinue to grow in mass and size without much late star
formation (e.g. Daddi et al. 2005; Trujillo et al. 2006;
Buitrago et al. 2008; Szomoru et al. 2012). These devel-
opments challenge classical formation models of early-
type galaxies via monolithic collapse (Eggen et al. 1962)
and equal-mass major mergers (e.g. Toomre & Toomre
1972), but favor a two-phase formation scenario
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Figure 8. The mass metallicity relation - stellar metallicity ver-
sus galaxy stellar mass at z = 0 for three models: fiducial model
(red circles), model without AGN feedback effect (NoAGN, black
triagnles), and model without metal heating effect (NoZHeating,
green stars). ThSNnoMetal model is not shown as this model as-
sumed a primordial metal abundance and did not include metal
enrichment. Blue dotted line and black solid line indicate the lo-
cal mass-metallicity relation for the SDSS galaxy population from
Panter et al. (2008) and from Gallazzi et al. (2005) respectively.
Fiducial model is in good agreement with observations.
(Naab et al. 2007; Oser et al. 2010). In this scenario, the
core of elliptical galaxies form early at 2 < z < 6 by dis-
sipational processes and cold gas flows (e.g. Dekel et al.
2009) and by merging of smaller structures of stars and
gas. Then, the outer part of elliptical galaxy grows by
accretion of old stars and galaxy mergers of all mass
ratios (Bezanson et al. 2009; van Dokkum et al. 2010;
Sales et al. 2012; Hirschmann et al. 2012). But this sub-
sequent build-up of the stellar envelop is dominated by
non-dissipational processes via dry “minor” mergers as
major mergers are rare at late times. This two-phase for-
mation scenario can explain the galaxy size growth and
slight decline in velocity dispersion (Oser et al. 2012).
The outer parts of ellipticals are found to be old and
metal poor (Greene et al. 2015) as would be expected if
they had accreted at late times from low mass dwarf com-
panions (Lackner et al. 2012; Hirschmann et al. 2015).
We investigate the effect of various physics imple-
mented in our simulation on the fundamental formation
and assembly of galaxies. Figure 9 visualizes when and at
which radius a star was born for star particles ending up
within 10% of virial radius of a present day galaxy. We
have stacked all 30 simulated galaxies for each physics
model: (1) Fiducial (mechanical AGN and mechanical
SN feebdack model), (2) NoAGN (without AGN feed-
back) (3) NoZHeating (without metal induced heating
effect) and (4) ThSNnoMetal (with Thermal SN feed-
back and without metal enrichment). For stars that res-
ident in final galaxies, some are made in situ, within the
r10 while some are made ex situ outside of the r10 and
later accreted. The vertical red dotted line indicates the
10% of virial radius, r10, which clearly separates these
two phases as shown in the histogram of the formation
radii in the upper panels of Figure 9. We found two
peaks at relatively similar location in the histogram of
all four physics models: for the in situ formed stars at
log(r/rvir) ∼ −2.5 and for the ex situ formed stars at
log(r/rvir) ∼ 0.7 respectively.
However, the ratio of in situ to ex situ stars is found
to strongly vary with the feedback model we include.
Our fiducial model galaxies on average have 40% of stars
formed in situ (see panel (a)), but this fraction increases
to 64% when we exclude the AGN feedback powered
by the supermassive black holes. In addition, in the
NoAGN feedback model the formation radius peak of
in situ star formation is located further inside of galax-
ies (log(r/rvir) ∼ −3.0) compared to the fiducial model.
The stellar feedback solely is not strong enough to gen-
erate galactic outflows in high-mass galaxies, and can-
not quench in situ star formation. The central accretion
of ambient gas from stellar mass loss continuously trig-
gers star formation (Ciotti & Ostriker 1997) and this late
time star formation contributes significantly to the in situ
fraction of stars.
In the NoZHeating model, when we exclude the metal
induced heating, the fraction of ex situ formed star in-
creases from 60% to 65%. These extra heating effects
(photoelectric and cosmic X-ray background heating)
mainly affect the small systems which later accrete on
to the central galaxies, preventing small blobs from con-
densing. This tends to decrease the accreted star frac-
tion.
The ratio of in situ and ex situ stars also strongly de-
pends on how the feedback prescription is implemented
in the model. In the ThSNnoMetal model, where we use
thermal SN feedback, which does not produce strong SN
winds compared to the mechanical SN and early stellar
feedback, the fraction of ex situ formed star increases to
82%.
We divide our simulated galaxies into three mass bins:
high (2.1 × 1011 < M∗/M⊙ < 5 × 10
11), intermedi-
ate (1.25 × 1011 < M∗/M⊙ < 2.1 × 10
11) and low
(8.5 × 1010 < M∗/M⊙ < 1.25 × 10
11) so that we have
10 galaxies in each mass bin. The ratio of in situ
and ex situ stars is found to be sensitive to the galaxy
mass as found in Oser et al. (2010); Qu et al. (2017);
Rodriguez-Gomez et al. (2016), i.e., more stars form in
situ for low mass galaxies and more in ex situ for higher
mass galaxies. Also, there is a continuous trend of in
situ star formation quenching redshift with stellar mass.
While low mass galaxies show high in situ star formation
rate until redshift z = 1, high mass galaxies quench early
before z = 1. Some of our high mass galaxies are reju-
venated shortly due to the recycled gas ejected from the
old stellar population within the innermost region of the
galaxies (log r10/rvir ∼ −3).
4. SUMMARY AND DISCUSSION
In this work, we present a more comprehensive treat-
ment of the physical processes consequent to the al-
lowance of chemical evolution highlighting the extra
heating processes due to the interaction of metals and
radiation. We then used updated simulations of 30 mas-
sive galaxies with halo mass of Mvir ∼ 10
12−13M⊙ at
z = 0 to make comparisons between the simulation and
observations. The feedback models account for (1) AGN
feedback via broad absorption line winds and X-ray ra-
diation heating, (2) stellar feedback via UV heating and
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Figure 9. Stellar origin diagram for all stars within r10 of 30 galaxies at z=0 in each model (a) Fiducial, (b) NoAGN, (c) NoZHeating
and (d) ThSNnoMetal model. Upper panels show the histogram of formation radii of stars and the right panels show the star formation
histories. The vertical red dotted line shows the 10% of virial radius, r10.
Figure 10. Stellar origin diagram for (a) low-mass (8.5×1010 < M∗/M⊙ < 1.25×1011), (b) intermediate mass (1.25×1011 < M∗/M⊙ <
2.1× 1011), and (c) high mass (2.1 × 1011 < M∗/M⊙ < 5 × 1011) galaxies from the fiducial model. The ratio of in situ and ex situ stars
are found to be sensitive to the galaxy mass.
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stellar winds from young and old stars, and supernovae
type I and II as well as associated mass and metal gener-
ation, (3) additional metal heating effect via photoelec-
tric heating and cosmic X-ray background heating from
accreting black holes in background galaxies. Overall en-
ergy and momentum budget from all feedback effects has
been shown to generate realistic galaxy properties (fidu-
cial model). We also explore the detailed role of sepa-
rate feedback variables by running three additional sets
of simulations without AGN feedback (NoAGN model),
without metal heating effects (NoZHeating model) and
without the suite of mechanical stellar feedback but with
thermal SN feedback (ThSNnoMetal model) to better
understand the separate effects of various physical pro-
cesses. The input physics variation of the simulation
suite is summarized in Table 1.
We find that the AGN feedback plays the most dom-
inant role in reproducing the basic physical properties
of observed massive early type galaxy. The mechanical
and radiative AGN feedback generates strong, large scale
outflows during early stages of galaxy evolution and effi-
ciently quenches in situ star formation in massive galax-
ies. In the absence of AGN feedback, the conversion
efficiency of baryons into stars in the central galaxies is
increased by a factor of 3 (Figure 1), and all simulated
galaxies never quench and keep forming stars throughout
to z = 0 (Figure 3). The formation of central galaxies is
dominated by in situ star formation without AGN feed-
back (Figure 9(b)), and this leads to very compact stellar
cores with a factor of five smaller effective radii than in
the observed mass-size relation and high velocity disper-
sions (Figure 4,5). AGN feedback can efficiently drive
out and remove gas from the galaxy halos and prevent
large gas concentrations in halos, resulting in much lower
X-ray luminosities and gas mass fractions (Figure 6,7).
We show that the metal induced heating mechanisms
primarily affect diffuse and smaller galaxies at high red-
shift. They prevent baryons from condensing and accu-
mulating in dense small blobs mainly at high redshift and
therefore delay star formation. Star formation, however,
later compensates, as the heated gas cools and comes
back to the central galaxies. Therefore, metal induced
heating mechanisms have a negligible effect on the final
stellar mass as well as the final gas properties of cen-
tral galaxies. However, they certainly reduce the mass of
small stellar systems later accreted to the central galaxy.
The fraction of accreted stars is reduced from 65% to
60% when we add metal induced heating (Figure 9(c)),
and this results in slightly smaller stellar galaxy sizes as
they tend to have fewer number of dissipationless low-
redshift mergers. Although the metal induced heating
overall produces weak effects on these stellar mass scale
(M∗ ∼M
11−12M⊙), they can have a dramatic impact on
the evolution of dwarf galaxies with much smaller masses.
For example, Forbes et al. (2016) recently showed that
the photoelectric heating plays a more important role
than SN feedback in regulating star formation in dwarf
galaxies with stellar mass of 107M⊙.
Although AGN feedback seems to exert the dominant
impact on massive galaxy formation, it is also crucial
to properly include the stellar feedback to regulate the
star formation in small building blocks and to suppress
in situ star formation at high redshift (Hirschmann et al.
2013). We show that inclusion of thermal SN feedback
instead of ejective SN feedback yields final massive galax-
ies dominated by hierarchically assembled small galaxies,
therefore much higher accreted fraction (Figure 9(d)).
Overall, we achieve fairly good agreement between our
fiducial model and observational constraints in the lo-
cal Universe, although some small discrepancies still re-
main. To some extent, this may be linked to further
physical mechanisms which have not been included so
far such as cosmic rays, magnetohydrodynamics, and ef-
fects of relativistic jets from AGN. In particular, the sim-
ulations do not include cosmic ray driven winds (e.g.
Booth et al. 2013; Hanasz et al. 2013; Salem & Bryan
2014; Wiener et al. 2016) and the effect of runaway
OB stars that migrate into low-density regions (Li et al.
2015) and their absence may contribute to the excess of
stellar masses in massive galaxies. In future work, we
will extend our study to include several of these effects
all of which can act directly on the gas and reduce the
star formation rate.
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APPENDIX
CONVERGENCE WITH RESOLUTION
We test the convergence of the physical properties of
central galaxy with respect to resolution using two real-
ization of the halo m0290 with Mvir ∼ 4 × 10
12M⊙. In
Figure 11 we label the fiducial m0290 simulation ‘fiducial
resolution’ and ran a higher resolution simulation. The
‘high resolution’ run has a gas and dark matter parti-
cle mass eight times smaller and a gas softening length
twice smaller than the reference resolution. The high res-
olution run is simulated with the number of supernova
events reduced by a factor of three but with increased
SN feedback energy in order to account for clumping of
star formation but otherwise identical parameters. The
agreement between the high resolution and low resolu-
tion runs is very good.
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Figure 11. The cosmic evolution of virial radius, virial mass, ef-
fective radius and stellar mass of the fiducial run of halo m0290 at
two different resolutions (black: high resolution, red: fiducial reso-
lution). We find no significant difference in the physical properties
of central galaxy with different resolution.
